We used DOG ellipses and outlined ellipses that contained, respectively, only low-frequency and only high-frequency information about aspect ratio. Cross-adaptation (i.e., adapt DOG/test outline and adapt outline/test DOG) produced aspect ratio aftereffects. Conclusion: Spatial information encoded in terms of the body of the stimulus and in terms of the boundary of the stimulus have substantially converged before the information-processing stage at which aspect ratio is encoded. We also report that when observers were instructed to discriminate horizontally elongated from vertically elongated test ellipses, the ''just noticeably different from circular'' threshold was closely constant over a 16:1 range of test ellipse areas.
Introduction
Regan and Hamstra (1992) reported that, following adaptation to a solid vertically elongated rectangle, a briefly presented solid square appeared to be elongated horizontally, while following adaptation to a solid horizontally elongated rectangle a briefly presented solid square appeared to be elongated vertically. They ensured that neither the height nor the width of the test rectangle provided a reliable cue to the task of judging whether it was elongated vertically or horizontally by randomly varying the area of the test rectangle on a trial-to-trial basis. They also used test stimuli whose areas were very different from the area of the adapting ellipse. This last manipulation showed that the aftereffect was global rather than local. They termed the phenomenon the aspect ratio aftereffect. 1 Regan and Hamstra (1992) reported that adaptation to a solid rectangle produced similar aspect ratio aftereffects whether the test stimulus was a solid square or an outlined circle. However, because the adapting rectangle was sharpedged this finding did not allow them to conclude that aspect ratio information from filters with large receptive fields (i.e., filters that responded to the body of the rectangle) and from filters with small receptive fields (i.e., filters that responded to the edges of the rectangle) has already converged at the processing stage at which aspect ratio was encoded, because in principle the aspect ratio of a solid, sharp-edged rectangle can be encoded either by filters whose receptive field sizes approximate the rectangle's width and height or by filters with much smaller receptive fields-see Section 5.2. In the present paper we investigate the convergence of aspect ratio information from filters with large and with small receptive fields by using two stimuli which contain, respectively, only low or only high spatial frequencies. In addition, we test whether aspect ratio discrimination thresholds (both unadapted and adapted) are affected by of the area of the test stimulus. To anticipate, we conclude that spatial information encoded in terms of the body of the stimulus and in terms of the boundary of the stimulus have substantially converged before the information-processing stage at which aspect ratio is encoded.
General methods

DOG and outline stimuli
Fig . 1A shows an example of the DOG stimulus. It consisted of a centre that was brighter than the mean luminance of the display, surrounded by an area that was dimmer than the mean luminance of the display. The luminance profile across an axis of the DOG pattern is depicted in Fig. 2A . Fig. 1B shows an example of the outline stimulus. The luminance profile across an axis is depicted in Fig. 2B . The width of the DOG luminance profile was the same for both test and adapting outline stimuli. Fig. 3 compares the spatial frequency content of the DOG adapting stimulus (across the minor axis) with that of the outline adapting stimulus. It is evident that the two amplitude spectra had virtually no overlap.
The display subtended 19.4 · 19.4 deg, had a mean luminance of 49 cd/m 2 , and was viewed binocularly from a distance of 50 cm.
Observers
Observer 1 (author DR) was male with corrected binocular acuity of 6/6. Observer 2 (author MPR) was female with corrected binocular acuity of 6/6. Observer 3 was male with uncorrected binocular acuity of 6/6 and was naïve as to the aims of the study.
Experiment 1
Aims
The aim of Experiment 1 were to determine the effect of test stimulus area on both (1) the aspect ratio for which an outline or DOG test stimulus appeared to be circular and (2) ''elongated horizontally'' versus ''elongated vertically'' discrimination threshold for an outline or DOG test stimulus.
Procedure
In the first part of Experiment 1, there were 100 test outline ellipses, each of which had a different combination of aspect ratio r (r = width/height) and area (a). There were the following 10 values of aspect ratio: (1.06) À1 , (1.04) À1 , (1.03) À1 , (1.02) À1 , (1.01) À1 , 1.01, 1.02, 1.03, 1.04, and 1.06. They were arranged symmetrically about 1.00 on a log scale. There were the following ten areas of test ellipse: (4.00 À1 )a, (3.50 À1 )a, (3.00 À1 )a, (2.70 À1 )a, (2.40 À1 )a, 2.40a, 2,70a, 3.00a, 3.50a, and 4.00a. Areas were arranged symmetrically about a, where a = 23 deg 2 , the area of the adapting stimulus. The reason for this selection of areas was to avoid intrusion of the one-dimensional ''contour repulsion '' of Kö hler and Wallach (1944) and for the empirical considerations discussed in Section 5.1.
The 100 test stimuli were organized as a 10 · 10 array. Aspect ratio progressively increased in the same way from left to right along each horizontal row, but area was constant along any given row. Areas progressively increased in the same way down each vertical column, but aspect ratio was constant along any given column.
The 100 test stimuli were presented in random order. The duration of each test presentation was 300 ms and the screen was uniformly illuminated (luminance = 49 cd/ m 2 ) for 4 s between presentations. Observers were instructed to signal after each presentation whether the test ellipse was elongated horizontally or vertically. A run consisted of 2 or 3 presentations of each stimulus and lasted 15-21 min. At the end of each run, the computer printed and stored the number of ''elongated horizontally'' responses in a 10 · 10 array corresponding to the stimulus array. In the second part of Experiment 1, DOG stimuli replaced outline stimuli.
Data analysis
Each horizontal row of the response set was analyzed separately. The percentages of ''elongated horizontally'' responses were plotted as ordinates versus the aspect ratios of the test stimuli, a cumulative normal distribution fitted to the responses data using Kaleidagraph TM software, and the aspect ratios for the 75, 50, and 25% response probabilities estimated. The just-noticeable departure from a perfect circle, was quantified as follows: (r) Th = 0.5(r 75 À r 25 ), where r 75 and r 25 were, respectively, the values of r for 75 and 25% ''horizontally elongated'' response probabilities. Then the 10 columns were collapsed vertically, the percentages of ''elongated horizontally'' responses plotted (this time versus test ellipse area) and the analysis repeated.
Results
A cumulative normal distribution provided an excellent fit to each of the several sets of response data. R-values ranged from 0.94 to 1.00 (0.99 collapsed both over areas and the two stimuli), 0.84 to 1.00 (0.99) and 0.97 to 1.0 (0.99) for observers 1, 2, and 3, respectively. The aspect ratio for perceived circularity ranged from 0.96 to 0.99 (0.98 collapsed over both areas and the two stimuli), 0.98 to 1.01 (0.99) and 0.99 to 1.02 (1.01) for observers 1, 2, and 3, respectively.
Fig. 4A-F shows thresholds for discriminating horizontally elongated from vertically elongated test stimuli as a function of the relative areas of the test stimuli for both outline and DOG stimuli. The solid-line plots are straight horizontal lines that were best fits to the data points.
Discussion
Our stratagem of randomly varying the area of the test stimulus on a trial-to-trial basis over a range (16:1) that was far (14 times) larger than the range of variation of test aspect ratio (1.12:1) ensured that neither stimulus height alone nor stimulus width alone provided a reliable cue as to whether the stimulus was elongated horizontally or vertically. Aspect ratio discrimination threshold for either an outlined or a DOG ellipse is an approximately constant ratio over a large (16:1) range of areas from 5.75 to 92 deg 2 . In other words if an ellipse can just be discriminated from a circle at one viewing distance it will be just discriminable over a wide range of viewing distances. (It is well known that a similar scale invariance holds for several other discriminations including length, e.g., Andrews & Miller, 1978; Bedell, Barbeito, & Aitsebaomo, 1984; Klein & Levi, 1987; Levi & Klein, 1983 , 1990 Morgan & Watt, 1989; Toet, van Eekhout, Simons, & Koenderink, 1987; Westheimer & McKee, 1977) . This extends our previous finding that aspect ratio discrimination (for rectangles) is an approximately constant ratio over a 16:1 range of areas from 0.25 to 4 deg 2 . We thank Stan Klein for pointing out that this finding that Weber's law holds for aspect ratio discrimination threshold does not distinguish between the possibilities that the processing stage for aspect ratio computes (width/height) rather than (width-height).
2
The aspect ratio for which the stimulus appeared to be circular was very close to 1.00 over a 16:1 range of stimulus areas for both outline and DOG stimulus. This last finding is important for interpreting the results of Experiment 2.
Experiment 2
Aims
The aims of Experiment 2 were to measure (1) the aspect-ratio aftereffect for a test outline after adapting to an outline stimulus, (2) the aspect ratio aftereffect for a test DOG after adapting to an outline stimulus, (3) the aspect ratio aftereffect for a test outline after adapting to a DOG stimulus, and (4) the aspect ratio aftereffect for a test DOG after adapting to a DOG stimulus.
Methods
In the first part of Experiment 2, the adapting stimulus was either a horizontally elongated outline of aspect ratio 1.5 or a vertically elongated outline of aspect ratio (1.5)
À1 . There were 100 test outline ellipses whose aspect ratios (r) and areas (a) were organized as in Experiment 1. The 10 aspect ratios were as follows: (1.17) À1 , (1.12) À1 , (1.08) À1 . (1.05) À1 , (1.02) À1 , 1.02, 1.05, 1.08, 1.12, and 1.17. This wide range of aspect ratios was inefficient in the sense that many 100% correct responses were recorded in some experiments (Levitt, 1971) . However, the reason for our choice was to capture the maximum leftward and rightward shifts of the psychometric functions while using exactly the same set of test aspect ratios in every adapting condition.
2 It is not clear whether the human visual system contains a specialpurpose high-precision mechanism for computing aspect ratio. Morgan (2005) reported that for rectangles neither of his two observers ''did any better at comparing aspect ratios than they would have by combining independent noisy codes for width and height''. On the other hand, this was not the case for outlined ellipses, though for only one of the two observers. Morgan (2005) suggested that the most likely candidate for the high-precision mechanism was curvature discrimination. These conclusions do not entirely agree with those of Regan and Hamstra (1992) . They found that for all three of their observers the lowest aspect ratio discrimination threshold for rectangles was lower than would have been achieved by combining independent noisy estimates of width and height. In particular, they reported that aspect ratio discrimination threshold, width discrimination thresholds, and height discrimination threshold for the three observers were as follows (all expressed as percentages, 1SE in brackets): 1.6(0.2), 3.0(0.3), 2.9(0.3); 2.1(0.3), 3.7(0.4), 3.0(0.3); 2.7(0.3), 3.2(0.4), 3.6(0.4). The same conclusion held for outlined ellipses. In principle, a just-noticeable departure from squareness might be detected on the basis of a departure from a 90 deg angle between two imaginary lines joining opposite corners, and indeed measurements of angle discrimination threshold were consistent with that possibility (Regan & Hamstra, 1992) . It is also possible that, as suggested by Morgan (2005) , a just-noticeable departure from circularity might be detected on the basis of curvature. On the other hand, Regan and Hamstra (1992) put forward the following argument against those possibilities. The aspect ratio adaptation effect produced by adapting to a solid rectangle is similar whether the test stimulus is a solid rectangle or an ellipse, implying that the perception of aspect ratio for rectangles and ellipses is determined by a common neural mechanism: but the intersecting lines hypothesis would not work for ellipses, and the curvature hypothesis would not work for rectangles. Regan and Hamstra (1992) suggested that a common mechanism that could encode the aspect ratio of rectangles, ellipses (and 4-dot patterns) was a special-purpose high-precision comparison of width and height. In particular, they suggested that aspect ratio was encoded in terms of the balance between two pools of neurons, one preferring vertically elongated targets, the other preferring horizontally elongated targets. This opponency hypothesis can account for the very low discrimination threshold for a departure from circularity or squareness, the independence of aspect ratio discrimination thresholds from area and also a finding that must be explained by any hypothesis as to mechanism, namely that a plot of aspect ratio discrimination threshold versus base aspect ratio is a steep V-shaped function for ellipses, rectangles and 4-dot patterns. For observers 1 and 2 we first collected data for the 10 areas used in Experiment 1, and then with the following additional areas: (2.4 À1 )a, (1.5 À1 )a, (1.2 À1 )a, 1.2a, 1.5a, 2.4a, the (1.5 À1 )a, (1.2 À1 )a, 1.2a, and 1.5a rows being repeated so as to give a 10 · 10 array. Data for the areas used in Experiment 1 only were collected for observer 3.
In the second part of Experiment 2, the two adapting stimuli were the same as in the first part of Experiment 2 (i.e., outlined ellipses), but the test stimuli differed. There were 100 test DOGs whose aspect ratios and areas were the same as the test outlines of Experiment 1, and that were organized as in Experiment 1. In the third part of Experiment 2 the adapting stimulus was either a horizontally elongated DOG of aspect ratio 1.5 or a vertically elongated DOG of aspect ratio (1.5)
À1 . There were 100 test outline ellipses whose 10 aspect ratios were the same as in the first part of Experiment 2, and whose ten areas were as in Experiment 1. In the fourth part of Experiment 2 the adapting stimuli were the DOGs of part 3, but the test stimuli were the DOGs of part 2.
In any given run the adapting stimulus was presented for 10 min, then a test stimulus was presented for 300 ms, then the adapting stimulus was presented for 10 s followed by another 300 ms test presentation and 10 s re-adaptation, and so on Thus, to maintain the level of adaptation following the initial 10 min adaptation, the adaptation stimulus was present 97% of the time and the test stimuli only 3% of the time. A run comprised one presentation of each test stimulus, and lasted 27 min. The 100 test stimuli were presented in random order. At the end of each run, the computer printed and also stored the number of ''elongated horizontally'' responses in a 10 · 10 array corresponding to the 10 · 10 stimulus array. Response data were analyzed as in Experiment 1.
Results
In part 1 of Experiment 2 (adapt outline, test outline) the value of aspect ratio for perceived circularity (i.e., the 50% point) was different after adapting to vertically elongated and horizontally elongated outlines. Fig. 5A and B is a plot of the aspect ratio for post-adaptation perceived circularity versus the ratio (area of the test ellipse/area of the adapting ellipse). Fig. 5A and B shows that the difference between the 50% points was approximately independent of the area of the test stimulus for the 10 test stimulus areas greater than 2.4 times and less than (2.4) À1 times the area of the adapting stimuli We therefore used these 10 values of relative area throughout the rest of Experiment 2. Fig. 6A , C, and E shows psychometric functions for the two adapting situations of adapt outline/test outline collapsed over these 10 values of relative area (i.e., by collapsing across rows in the response array). Consistent with out previous findings the symmetry of the left/right shifts as well as the size of the effect showed considerable intersubject differences (Regan & Hamstra, 1992; Regan, 2000, p. 176).
The difference between the 50% points (i.e., points of perceived circularity) was 9.7 (SE = 0.5), 12.8 (SE = 0.6), and 6.0 (SE = 0.4)% for observers 1, 2, and 3, respectively. Fig. 6B , D, and F shows plots of response probability versus the relative area of the test stimulus obtained by collapsing responses over the 10 values of aspect ratio (i.e., by collapsing across columns in the response array). A comparison of Fig. 6A with B, C with D, and E with F confirms that the responses of all three observers were determined essentially entirely by trial-to-trial variations of test aspect ratio, and that the accompanying large trialto-trial variations in the area of the test stimuli comparatively had little effect on the responses. Fig. 7A -F shows corresponding data for part 2 of Experiment 2 (adapt outline, test DOG). The difference between the 50% points was 6.6 (SE = 0.9), 13.4 (SE = 1), and 10.5 (SE = 0.9)% for observers 1, 2, and 3, respectively. A comparison of Fig. 7A with B, C with D, and E with F confirms that the responses of all three observers were determined essentially entirely by trial-totrial variations of test aspect ratio, and that the accompanying large trial-to-trial variations in the area of the test stimulus had comparatively little effect on the responses.
Fig . 8A -F shows corresponding data for part 3 of Experiment 2 (adapt DOG, test outline). The difference between the 50% points was 4.3 (SE = 0.7), 9.4 (SE = 0.9), 3.7 (SE = 0.6)% for observers 1, 2, and 3, respectively. A comparison of Fig. 8A with B, C with D, and E with F confirms that the responses of all three observers were determined essentially entirely by trial-to- trial variations of test aspect ratio, and that the accompanying large trial-to-trial variations in the area of the test stimulus had comparatively little effect on the responses.
Data for part 4 of Experiment 2 (adapt DOG, test DOG) showed that the observers' responses were strongly affected, not only by trial-to-trial variations in test aspect ratio, but also by trial-to-trial variations in the area of the test stimulus. This means that although psychometric functions corresponding to panels A, C, and E of Figs. 6-8 were obtained that appeared to be valid when individually inspected, they were in fact invalid. The likely explanation is that many of the test stimuli did not look like the DOG depicted in Fig. 1A . For example, the central bright area often appeared to be split in two and distorted. This was because the adapting DOG caused, in addition to the aspect ratio aftereffect, local luminance adaptation that varied over the extensive area of the visual field onto which the test DOG was projected, and this affected the appearance of the test stimuli.
General discussion
Contributions to the aspect ratio aftereffect of processing stages for one-dimensional and for two-dimensional luminance distributions
As mentioned earlier, our stratagem of randomly varying the area of the test stimulus on a trial-to-trial basis ensured that the observer's ''elongated horizontally'' or ''elongated vertically'' responses were not based on width alone or height alone. However, it does not necessarily follow that the aspect ratio aftereffects measured in Experiment 2 were caused by adaptation of the processing stage at which aspect ratio was encoded.
First, we must consider the possible contribution of the classical ''contour repulsion'' hypothesis that Kö hler and Wallach (1944) proposed as an explanation for certain figural aftereffects. The contour repulsion hypothesis does indeed predict an aspect ratio aftereffect that is qualitatively similar to that shown in Figs. 6-8, but only when the area of the test stimulus is roughly the same as the area of the adapting stimulus. This is explained in Fig. 9A -D for the case that both adapting and test stimuli are outlines. If we follow Kö hler and Wallach (1944) in assuming that the strength of contour repulsion falls off as the separation between contours increases (indicated by heavy and light arrows in Fig. 9A and B) , inspecting a vertically elongated adapting ellipse would cause a very large (Fig. 9A) or a very small (Fig. 9B ) test circle to appear to be elongated vertically, the opposite of the effect we describe here. On the other hand, when adapting and test stimuli are approximately the same area, after exposure to a vertically elongated adapting ellipse (continuous line in Fig. 9C ) contour repulsion (arrows) would cause a subsequently presented test circle (dashed line) to appear to be elongated horizontally; after exposure to a horizontally elongated adapting ellipse (continuous line in Fig. 9D ), contour repulsion (arrows) would cause a subsequently presented test circle (dashed line) to appear to be elongated vertically. The increase in the size of the aspect ratio aftereffect shown in Fig. 5A and B when the areas of the adapting and test stimuli did not greatly differ is consistent with this line of argument.
Next we consider reports that adapting to a line can cause a perceived shortening or lengthening of a subsequently presented parallel test line depending on whether the length of the test line is shorter or longer than that of the adapting line (Kö hler & Wallach, 1944; Kling & Riggs, 1971, pp. 468-474) . This one-dimensional aftereffect might imply that test outlines of small area that fell entirely within the borders of the adapting outline would indeed show an aspect ratio aftereffect qualitatively similar to the effect we observed. However, for test outlines of large area that fell entirely outside the adapting stimulus, the prediction is for an aspect ratio aftereffect in the opposite direction. But we found no reversal of the aftereffect (Fig. 5A, B and B, D, and F of Figs. 6-8).
We conclude that, at least for the test stimulus areas used to collect the data shown in Figs. 6-8, the aspect ratio aftereffect was almost entirely caused by adaptation of the processing stage at which aspect ratio is encoded.
Aspect ratio information and the size of the spatial filters encoding it
In principle, the shape of any untextured two-dimensional retinal image can be encoded entirely in terms of the boundary of the image. Indeed, it is the everyday business of political cartoonists to demonstrate that even complex shapes can be represented entirely in terms of boundary information. We assume that at the first stage of visual processing these boundary contours are detected by orientation-tuned spatial filters with small receptive fields, and that spatial filters with large receptive fields are of comparatively little importance at this early stage of processing. The alternative possibility that the shape can be encoded entirely in terms of the body of the image rather than the boundary of the image is supported by the finding that letters can be recognized whose spatial frequency content is restricted to only 0 to 2.5 (E) or even 0 to 1.5 (L, O) cycles/letter width (Ginsburg, 1978 (Ginsburg, , 1981 Parish & Sperling, 1991) . This point is illustrated in Fig. 2 in Regan, Raymond, Ginsburg, and Murray (1981) , reproduced as Fig. 2 . Sixty-eight in Regan (2000) . We assume that this low-frequency information is encoded by filters with large receptive fields that are comparable in width with the strokes of the letters.
First, we discuss the processing of boundary information. The attention of most modellers has been focused, not on the real spatial distribution of luminance within the retinal image, but rather on the spatial distribution of the outputs of the first-stage spatial filters. In these terms, the problem presents itself as a challenge to explain how the spatial distribution of filters outputs represents the boundary of an object's retinal image. A key point is that triphasic (Mexican-hat) filters replace a spatial variation of all-positive values of luminance with a spatial variation of filter outputs that can assume negative as well as positive values. For filters with small receptive fields the filter outputs are an approximation to the second spatial derivative of the luminance distribution. This point is explained graphically on pp. 145-148 of Regan (2000) . Fig. 10 explains how a parallel array of Mexican-hat receptive fields detects a luminance boundary. For ease of explanation the receptive field sensitivity profile is squared off rather than assuming, for example, a difference-ofGaussians (DOG) profile, and the receptive field shape is treated as rectangular rather than oval. Fig. 11 compares the responses of a parallel array of large (Fig. 11B) and small (Fig. 11C ) receptive fields to a bright bar (Fig. 11A) . If each retinal location is served by several wide receptive fields of slightly different widths, the pattern of activation across the receptive fields would represent the location and the width of the bright bar with high precision using information about the body rather than the edges of the bar.
As to the identification of image boundaries by filters with small receptive fields, some authors have emphasized the locations of zero crossing in the spatial pattern of the outputs of filters with small receptive fields (Marr & Hildreth, 1980) while others have related psychophysical performance to the locations of the centroids of peaks in the spatial pattern of filter outputs (Morgan & Watt, 1997; Watt & Morgan, 1983) .
One way in which the edge detection mediated by small receptive fields (Fig. 11C ) might be translated into a precise representation of the width and location of the bar has been proposed by Morgan and Regan (1987) . They showed mathematically how opponent processing between the outputs of coupled pairs of small receptive fields separated by different distances could explain the findings that separation discrimination thresholds for two lines is low (ca. 3%) and is also independent of both contrast (over a wide range of contrasts) and of the relative contrast of the two lines. Further to this point, Regan (2000, 2002) found that the separation, mean location, mean orientation, and orientation difference of two bright lines could be unconfounded and individually discriminated after each presentation (4-task design), all with low thresholds and while totally ignoring trial-to-trial changes in stimuli located between the two test lines. Presentation duration was so short in this experiment (e.g., 20 ms) as to preclude not only eye movements but also attention shifts between two bright lines. We suggest here that the long-distance interaction reported by Kohly and Regan (2002) provides a basis for separately and precisely encoding the width and the height of each outline test ellipse used in the present study.
5.3. Convergence of aspect ratio information carried by firststage spatial filters with large and with small receptive fields
As already discussed, we conclude that the aspect ratio aftereffect is entirely or almost entirely created by adaptation of the processing stage at which aspect ratio is encoded (provided that the area of the test stimulus is considerably larger or considerably smaller than the area of the adapting stimulus). On the basis of our cross-adaptation results in Experiment 2 (Figs. 7A-F and 8A-F) we further conclude that aspect ratio information carried by first-stage spatial filters with large receptive fields (body information, Fig. 11B ) and with small receptive fields (edge information, Fig. 11C ) has already substantially converged at the processing stage at which aspect ratio is encoded.
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